Five nonreceptor TEC family tyrosine kinases are expressed in cells of hematopoietic lineage ([@r1], [@r2]). Two specific TEC kinases, Bruton's tyrosine kinase (BTK) and IL-2--inducible T cell kinase (ITK), promote B cell and T cell signaling, respectively. Both kinases are cytoplasmic in resting cells and localize to the plasma membrane on receptor stimulation through binding of their pleckstrin homology (PH) domain to phosphatidylinositol-3,4,5-trisphosphate (PIP~3~), produced by the activity of PI3-kinase ([@r3][@r4][@r5][@r6]--[@r7]). The TEC family PH domain extends into a Tec homology (TH) motif, and so hereinafter we refer to this region as PHTH. The interaction of the BTK PHTH domain with PIP~3~ alters the conformation of the full-length kinase ([@r8]) and activates kinase function ([@r8][@r9]--[@r10]). In addition, the first crystal structures of the BTK PHTH domain revealed the "Saraste dimer" ([@r11], [@r12]), which likely forms at PIP~3~ membranes to promote trans-autophosphorylation ([@r10], [@r13]). The TEC family PHTH domain plays a clear role in activation, but the role of this domain in maintaining the inactive state of the kinase is less well understood.

Protein kinases are dynamic switches that shift between autoinhibited and activated ensembles in response to cellular signals ([@r14], [@r15]). For multidomain kinases, the conformational shift is accomplished through a variety of mechanisms. At the level of the kinase domain, ATP binding to the active site leads to activation loop phosphorylation (on Y551 in BTK) and triggers assembly of the regulatory spine, inward movement of the C-helix, formation of a salt bridge between a conserved lysine/glutamate pair, and conformational adjustments in the DFG motif ([@r16], [@r17]). In the multidomain TEC kinases, nucleotide preference and accessibility of the activation loop phosphorylation site are also controlled by noncatalytic domains ([@r17]). In addition to the N-terminal PHTH domain, the TEC kinases contain a proline-rich region (PRR) and Src homology 3 (SH3) and Src homology 2 (SH2) domains that impinge on the kinase domain to alter the conformational ensemble and thus the activation status of the enzyme. A crystal structure of the BTK SH3-SH2-kinase fragment has been solved ([@r10]) showing that the SH3 and SH2 domains of BTK assemble onto the distal side of the kinase domain (the surface opposite the activation loop), stabilizing the autoinhibited form of the kinase in a manner similar to that described for the SRC family ([@r18][@r19]--[@r20]) ([Fig. 1*A*](#fig01){ref-type="fig"}).

![HDX-MS localizes PHTH interactions to the kinase domain C-lobe. (*A*) Structure of the autoinhibited BTK SH3-SH2-kinase fragment (Protein Data Bank \[PDB\] ID code 4XI2). Peptides showing protection (blue) or exposure (pink) across the time course of HDX are mapped onto the ribbon structure. The peptide showing the most protection (\>1 Da) encompasses the αF/αG loop and extends into the G helix (peptides 594 to 608), and peptides that exhibit less protection (0.5 to 1.0 Da) are localized to the αEF/αF loop into the F helix and the β7/β8-DFG strand (peptides 570 to 582 and 529 to 543, respectively). (*B*) Domain structures for full-length BTK (FL BTK) and the SH3-SH2-kinase fragment. (*C*) Specific deuterium uptake curves showing HDX differences (*D*~FL~-- *D*~SH3-SH2-kinase~, where *D* is relative deuterium incorporation) for BTK FL (dark blue) and SH3-SH2-kinase (gray). (*D*) Surface rendering of the BTK structure showing the location (blue) of the peptides that are protected in full-length BTK compared with the SH3-SH2-kinase fragment that lacks the PHTH domain. For the addition of PHTH to BTK kinase domain in *trans*, the αF/αG loop (blue), as well as the activation segment C terminus and β3/αC loop (lavender), show protection in the presence of PHTH. Experimental parameters and complete peptide deuterium uptake data are provided in [Dataset S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907566116/-/DCSupplemental).](pnas.1907566116fig01){#fig01}

The PHTH domain and PRR set the TEC family apart from the SRC family and, perhaps as a result of these additional domains, crystal structures of the full-length TEC kinases have not been solved. In addition to the BTK PHTH "Saraste dimer" ([@r11]), the structure of a construct that tethers the PHTH and kinase domains via a short linker (BTK PHTH-kinase) has been reported ([@r10]). In this PHTH-kinase structure, the PHTH domain contacts the N-lobe of the kinase domain (toward the distal side), but subsequent solution data ([@r8]) suggest that this binding mode may be a transient interaction rather than the primary mode of autoinhibition. The "Saraste dimer" is also observed in the PHTH-kinase structure, and since this PHTH dimer structure is compatible with PIP~3~ binding, the crystallographic insights might reveal a PHTH/kinase structure that accompanies membrane association and activation of BTK ([@r8], [@r10]). Recent work demonstrates a strict dependence of BTK activation (via dimerization) on PIP~3~ density at the membrane ([@r21]). Despite these advances in deciphering the BTK activation mechanism, a clear description of the autoinhibitory role of the PHTH domain in the full-length TEC kinases is lacking, however.

Biochemical evidence suggests that the PHTH domain negatively regulates kinase activity; deletion of PHTH leads to a 5-fold increase in *k*~cat~ for ITK ([@r22]), and substrate phosphorylation of the BTK SH3-SH2-kinase fragment lacking the PHTH domain is faster than the same reaction catalyzed by the full-length BTK enzyme ([@r10]). Solution methods have mapped a regulatory surface centered on the β3-β4 loop of the PHTH domain; mutation of this region activates full-length BTK and ITK ([@r8], [@r9]). Thus, part of the regulatory picture is available, but our understanding of the TEC autoinhibitory mechanism remains incomplete without defining where and how the PHTH domain exerts its regulatory effect on the kinase domain. Data reported here localize the BTK PHTH regulatory interaction to the activation loop face of the kinase domain. This finding is consistent with previous biochemical data showing an increase in the accessibility of the ITK activation loop to an exogenous kinase either on deletion of the PHTH domain or on binding of the PHTH domain in the full-length enzyme to PIP~3~ ([@r9]). Evolutionary studies further suggest a modular evolution of TEC kinases in which BTK-specific residues define a unique PHTH-binding interface by building on the inactive SRC module.

Results {#s1}
=======

Hydrogen Deuterium Exchange Mapping. {#s2}
------------------------------------

To assess the interaction surface on BTK that mediates PHTH regulation, we used hydrogen/deuterium exchange mass spectrometry (HDX-MS) to probe the solvent-exchange behavior of backbone amides. Comparing HDX for the BTK SH3-SH2-kinase fragment that lacks the PHTH domain with full-length BTK ([Fig. 1*B*](#fig01){ref-type="fig"}) shows that exchange is reduced in the kinase domain and increased in the noncatalytic regions of full-length BTK ([Fig. 1*A*](#fig01){ref-type="fig"}). The peptides derived from the αEF/αF and αF/αG loops and the G-helix are protected from exchange in full-length BTK that includes the PHTH domain compared with the truncated SH3-SH2-kinase protein, which does not include PHTH ([Fig. 1 *A* and *C*](#fig01){ref-type="fig"}). These peptides cluster to a surface on the kinase domain C-lobe that surrounds the C terminus of the activation segment ([Fig. 1*D*](#fig01){ref-type="fig"}). Decreased deuterium uptake in these surface- exposed regions suggests that the PHTH domain interacts with and protects this part of the kinase domain in full-length BTK. The other region of reduced exchange in full-length BTK, β7/β8 through the DFG motif ([Fig. 1 *A* and *C*](#fig01){ref-type="fig"}), is not accessible in the autoinhibited BTK structure ([@r10]) and thus may be a secondary effect due to allosteric changes within the kinase domain on association of the PHTH domain. In contrast to protection in the C-lobe, increased deuterium exchange is measured in the SH2 and SH2-linker regions ([Fig. 1*A*](#fig01){ref-type="fig"}) indicating that this part of the autoinhibited structure is less protected from solvent in full-length BTK. The BTK SH3-SH2-kinase fragment used in the HDX-MS experiments lacks not only PHTH, but also the PRR. Therefore, the increased exchange observed in the SH2 and SH2-linker regions of full-length BTK compared with SH3-SH2-kinase could be due to the PRR competing with the SH2-kinase linker region for binding to SH3 ([@r8]), resulting in release of the SH3-SH2-linker region and the observed increase in exposure.

Based on the HDX-MS data indicating that the PHTH domain contacts the kinase domain in full-length BTK, we next made use of the separate kinase and PHTH domains to explore whether the interaction could be studied in *trans*. HDX was measured for the BTK kinase domain alone and in the presence of excess PHTH domain ([Dataset S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907566116/-/DCSupplemental)). The results are consistent with the data acquired using full-length BTK; protection is observed on the activation loop face of the kinase domain, with the most reproducible and strongest region of protection at the C-terminal end of the activation segment ([Fig. 1*D*](#fig01){ref-type="fig"}). Protection is also observed in the αF/αG loop, coinciding with the peptide showing the greatest degree of protection in full-length BTK ([Fig. 1 *C* and *D*](#fig01){ref-type="fig"}). A small reduction in exchange is also observed for a peptide derived from the N-lobe β3/αC loop ([Fig. 1*D*](#fig01){ref-type="fig"}). Although the differences in deuterium exchange in this experiment are small, they are consistent with a weak regulatory interaction that is favored by the intramolecular nature of the contact in the full-length protein. To further probe this PHTH regulatory mechanism, we turned to an orthogonal solution-based biophysical approach.

Mapping the PHTH/Kinase Interface by NMR Spectroscopy. {#s3}
------------------------------------------------------

NMR spectroscopy provides insight into protein-protein interactions at the single amino acid level. Provided that backbone amide resonance assignments are in hand, chemical shift mapping is a rapid approach to defining a protein-protein interaction interface. Sequential assignments were not available for the BTK kinase domain at the outset of this work, and so we proceeded to assign backbone amide resonance. The ^1^H-^15^N TROSY HSQC spectrum ([*SI Appendix*, Fig. S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907566116/-/DCSupplemental)) is consistent with a folded domain, and 210 amide resonances (of 263 nonproline residues) are observed, of which 114 (54%) have been unequivocally assigned. The assigned residues are distributed across the entire BTK kinase domain structure ([*SI Appendix*, Fig. S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907566116/-/DCSupplemental)), providing ample spectral probes for mapping the PHTH interaction.

With a subset of amide resonances assigned, we next titrated unlabeled BTK PHTH domain into the ^15^N-BTK kinase domain. Overall loss of peak intensity is observed throughout the titration due to the increased molecular weight of the PHTH/kinase complex. In addition, selected NMR resonances of the BTK kinase domain show more extensive loss of peak intensity (i.e., exchange broadening) on addition of PHTH, consistent with a protein-protein interaction in the intermediate exchange regime ([Fig. 2*A*](#fig02){ref-type="fig"}). Exchange-broadened resonances are identified by plotting the ratio of peak intensities for the BTK kinase domain in the presence of PHTH domain relative to the BTK kinase domain alone ([Fig. 2*B*](#fig02){ref-type="fig"} and [Dataset S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907566116/-/DCSupplemental)). For each point of the titration, residues exhibiting intensity ratios less than the mean minus 1 SD were mapped onto the BTK kinase domain structure to determine regions that sense PHTH binding ([Fig. 3 *A* and *B*](#fig03){ref-type="fig"}). Exchange broadening is observed for residues on the activation loop face of the kinase domain ([Fig. 3 *A* and *B*](#fig03){ref-type="fig"}), as well as within the active site ([Fig. 3*C*](#fig03){ref-type="fig"}) and on the distal side of the N-lobe ([Fig. 3 *B* and *D*](#fig03){ref-type="fig"}). Residues on the distal surface of the kinase domain were not affected in HDX-MS. Moreover, this distal side of the kinase domain is occupied by the SH3/SH2-kinase linker in autoinhibited BTK ([Fig. 3 *B* and *D*](#fig03){ref-type="fig"}), and so NMR spectral changes on the activation loop face indicate the autoinhibitory site for PHTH domain binding.

![NMR spectral changes define selected BTK kinase domain residues that are affected by interaction with PHTH. (*A*) NMR data for selected kinase domain resonances showing line broadening throughout the titration of BTK PHTH. For each residue, the spectrum with no added PHTH is at the top, and each subsequent titration point (0.5, 1, 2, 3, and 4 equivalents of PHTH) is shown in order below. The asterisk indicates unassigned resonance that undergoes extensive broadening on addition of PHTH. (*B*) Histogram showing the sum of the intensity ratios (*I*~BTK~ ~KD+PHTH~/*I*~BTK~ ~KD~) for backbone amide resonances of the BTK kinase domain (KD at 200 μM) in the presence of 0.5, 1, 2, 3, or 4 molar equivalents of the PHTH domain. Columns are color-coded according to each point in the titration (*Inset*), and those that are bolded correspond to exchange-broadened residues as described in [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907566116/-/DCSupplemental). All resonances are backbone amides except 421sc (tryptophan side chain).](pnas.1907566116fig02){#fig02}

![PHTH-induced NMR changes mapped onto the BTK kinase domain structure. (*A*) Residues corresponding to assigned BTK kinase domain resonances that show exchange broadening are shown in red (here and in all other panels) on the inactive structure of BTK kinase domain (PDB ID code 3GEN). The activation loop face and distal surface are labeled, and the gray-shaded area shows the concentration of residues between the activation loop face, the core of the active site, and the distal face. (*B*) Two views of the surface rendering of the autoinhibited BTK SH3-SH2-kinase structure (PDB ID code 4XI2). The N- and C-lobes of the kinase domain are indicated, and the activation loop is outlined by a dashed line (*Top*). The distal surface of the kinase domain is shown with the SH3-SH2 region in black ribbon (*Bottom*). (*C*) ATP-binding pocket showing kinase domain residues exhibiting spectral changes on the addition of PHTH. AMP-PNP is modeled into the structure based on PDB ID code 2DWB. (*D*) View of the residues on the distal face of the kinase domain (SH2-linker region in pink). The hydrophobic stack includes W421, L390 (from linker), and Y461 (labeled and shown in ball and stick).](pnas.1907566116fig03){#fig03}

Both HDX and NMR perturbations can be caused by direct binding and/or allosteric effects of the domain-domain interaction. Therefore, we used mutagenesis to probe the activation loop face of the BTK kinase domain to more directly define the recognition elements in this regulatory interaction. Five separate mutations, including 2 in the N-lobe above the activation loop (E434K and E439K) and 3 in the C-lobe below the activation loop (L569A, R562E, and R600S), were introduced into the BTK kinase domain. All residues targeted for mutation are located in peptides that show protection by HDX, show spectral perturbation by NMR, or are surface-exposed residues adjacent to those that exhibit NMR changes. Specific mutations either create a charge reversal or are based on mutations at these sites recorded in the COSMIC (Catalog of Somatic Mutations in Cancer) database ([@r23]). NMR spectra of BTK R562E, L569A, and E439K kinase domains were of poor quality due to protein precipitation during data acquisition, and so these mutants were not pursued further by either NMR or HDX, to avoid artifacts. The remaining 2 mutants, E434K and R600S, give rise to TROSY HSQC spectra that are nearly identical to the wild-type BTK kinase domain and thus suitable for further study.

Unlabeled BTK PHTH was titrated into ^15^N-labeled BTK E434K or R600S mutant kinase domains, followed by acquisition of ^1^H-^15^N TROSY HSQC spectra to assess whether and how the surface mutations influence the PHTH/kinase interaction ([Dataset S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907566116/-/DCSupplemental)). Mapping the results of the NMR titrations onto the structure of the BTK kinase domain shows that mutation of R600 to serine results in fewer spectral changes on the activation loop face of the kinase domain compared with the wild-type PHTH/kinase titration. This suggests that mutation of R600 partially abrogates the PHTH/kinase interaction. In contrast, mutation of E434 has only a minor effect on the PHTH/kinase interaction, as indicated by spectral changes that more closely resemble that of the wild-type titration ([*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907566116/-/DCSupplemental)). These data support the HDX data ([Fig. 1](#fig01){ref-type="fig"}) indicating that the kinase domain C-lobe plays a key role in mediating the interaction between the BTK PHTH and kinase domains, while the N-lobe might be involved in the interaction but is not a primary binding determinant.

Evolutionary Constraints Associated with Functional Specialization of the Src Module in TEC Kinases. {#s4}
----------------------------------------------------------------------------------------------------

The TEC kinases share a unique inactive conformation with SRC and ABL kinases and are collectively defined as the Src module kinases ([@r20]). The extent to which the Src module has diverged across specific lineages has not been examined, however. Using an unbiased, pattern-based classification of tyrosine kinase sequences ([@r24]), we identified co-conserved patterns that most distinguish Src module kinases from other tyrosine kinases, as well as those that uniquely distinguish TEC and BTK kinases ([*SI Appendix*, Fig. S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907566116/-/DCSupplemental)). While many Src module-specific and TEC-specific residues appear to contribute to the unique inactive conformation of the kinase domain, a detailed analysis of these sequence features is beyond the scope of this work. We focus here on BTK-specific features of the BTK kinase domain.

Comparisons of BTK sequences with other Tec kinase sequences ([Fig. 4](#fig04){ref-type="fig"} and [*SI Appendix*, Fig. S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907566116/-/DCSupplemental)) reveal BTK-specific evolutionary constraints imposed on residues in distinct regions of the kinase domain, including the experimentally determined PHTH interaction sites in the C-lobe ([*SI Appendix*, Fig. S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907566116/-/DCSupplemental)). In particular, a patch of highly distinguishing BTK-specific residues locates to the front face of the kinase domain in the C-lobe---the same region identified through BTK PHTH/kinase experimental NMR and/or HDX-MS studies ([Fig. 5 *A* and *B*](#fig05){ref-type="fig"}). These include R600 and Y591 in the αFG loop; L569 and M570 in the αEF loop; E550, S557, and R562 in the activation segment; S436 in the β3/αC loop; and G535, L542, and S543 flanking the DFG motif ([Fig. 5*C*](#fig05){ref-type="fig"}). These residues are selective constraints in BTK, in that the nature of residues present at the corresponding position in other TEC kinases are biochemically different ([Fig. 4](#fig04){ref-type="fig"}). For example, BTK L569 and M570 are instead F or H/N in other TEC kinases. BTK-specific residues across the full alignment of the kinase domain are shown in [*SI Appendix*, Fig. S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907566116/-/DCSupplemental).

![Contribution of specific BTK kinase domain residues to the PHTH interaction and unique sequence motifs defining BTK evolution. Sequence motifs unique to BTK kinases are shown. In the alignment, columns are highlighted where amino acids are highly conserved in BTK sequences but are nonconserved or biochemically dissimilar in other TEC family sequences. Histograms above the aligned sequences quantify the degree of divergence between BTK and other TEC sequences. Column-wise amino acid and insertion/deletion frequencies in BTK sequences and in other TEC family sequences are indicated in integer tenths, where a 5 indicates an occurrence of 50% to 60% in the given (weighted) sequence set. Kinase secondary structures are annotated above the histograms. Sequence numbering corresponds to the human BTK sequence.](pnas.1907566116fig04){#fig04}

![Combined data from HDX, NMR, and sequence conservation support a model for autoinhibited BTK. (*A*) Summary of HDX, NMR, and BTK-specific residues. Blue bars beneath the sequence of the BTK kinase domain indicate peptides that exhibit protection from exchange in full-length BTK compared with the SH3-SH2-kinase fragment (dark blue) or for the BTK kinase domain on the addition of excess PHTH domain (light blue). The peptide spanning the β8 strand into the DFG motif is indicated by a light cyan bar to indicate that this peptide shows no change in HDX before 10 min. Amino acids in red correspond to those residues for which NMR resonances undergo exchange broadening on the addition of PHTH to the BTK kinase domain. Asterisks above the sequence indicate BTK-specific residues. A secondary structure for the BTK kinase domain is shown above the primary sequence. (*B*) Data derived from NMR, HDX, and sequence comparison converge onto the β3/αC loop, activation loop, DFG region, αEF loop, G helix, and αF/αG loop. The blue ribbon represents peptides derived from HDX (dark blue, light blue, and light cyan as in *A*), red labels and red alpha carbons indicate residues identified by NMR, and BTK-specific residues are depicted in ball-and-stick format on the structure of inactive BTK (3GEN). (*C*) Model depicting stages of BTK regulation. The fully autoinhibited state, based on the crystal structure of the SH3-SH2-kinase fragment ([@r10]) and solution data presented here, consists of the SH3-SH2 region sandwiching the SH2-kinase linker (pink), with the distal side of the kinase domain and the PHTH domain on the opposite activation loop face. The domain structure of full-length BTK is provided above the model. Membrane-associated PIP~3~ competes with the kinase domain for binding of PHTH, releasing PHTH from its interaction with the kinase domain activation loop face. The crystal structure of the PHTH-kinase fragment ([@r10]) suggests that the PHTH domain contacts the N-lobe of the kinase domain in a manner compatible with PIP~3~ binding and formation of the "Saraste dimer." The PRR may also release the SH3 domain from the distal side of the kinase domain ([@r8]) to promote a shift toward the active kinase. Autophosphorylation will result in activated BTK.](pnas.1907566116fig05){#fig05}

Discussion {#s5}
==========

The autoinhibitory conformation of the SRC module was determined 2 decades ago. Crystal structures of 2 members of the SRC family ([@r18], [@r19]) revealed the core regulatory unit shared across a number of eukaryotic protein tyrosine kinases ([@r20]). The SH3 domain sandwiches the SH2-linker region with the distal side of kinase domain N-lobe, and the SH2 domain mediates regulatory contacts with the C-lobe. The full-length TEC family kinases have been resistant to crystallization since they were first cloned in the early 1990s ([@r25][@r26][@r27][@r28][@r29][@r30]--[@r31]). Instead, solution methods provide significant insight into molecular-level regulation of these signaling molecules. We previously mapped inhibitory surfaces on the PHTH domains of both ITK and BTK and showed that PIP~3~ binding to the PHTH lipid-binding pocket competes with PHTH-mediated autoinhibition ([@r8], [@r9]). Moreover, PHTH association with the kinase domain reduces accessibility of the activation loop ([@r9]). These findings, along with the current findings based on HDX, NMR, and mutational analysis, support a model of fully autoinhibited BTK with the SH3 and SH2 domains on the distal side of the kinase domain (forming the Src module) and the PHTH domain on the activation loop face of the kinase domain in a manner that sterically hinders the lipid-binding pocket of PHTH ([Fig. 5*C*](#fig05){ref-type="fig"}). NMR spectral perturbations are also detected on the distal face of the kinase domain N-lobe on the addition of PHTH to the isolated kinase domain, suggesting the possibility of another interaction interface.

Even though such an arrangement has been captured crystallographically ([@r10]), the SH3-SH2-linker region in autoinhibited BTK occludes the distal surface mapped by NMR, suggesting that the putative PHTH/kinase interaction at this site may be accessible only as the full-length kinase opens on activation, possibly in the context of the PRR region displacing the SH3 domain from the SH2-kinase linker ([Fig. 5*C*](#fig05){ref-type="fig"}). Indeed, the PHTH domain in the structure of the tethered PHTH-kinase construct forms the well-characterized "Saraste dimer" that forms on localization of BTK to the membrane ([@r10], [@r13], [@r21]) and is likely mutually exclusive with the fully autoinhibited state. Thus, the molecular details of stepwise activation of BTK are coming into clearer view by virtue of findings generated by a range of experimental efforts.

The BTK-specific features have likely been accommodated through the selection of TEC-specific motifs during the evolution of the SRC module. For example, some of the most distinguishing BTK-specific residues locate to the αE helix (K503) and the αC-β4 loop (E455) on the back of the kinase domain, where they associate with the SH2 domain and SH2-kinase linker ([*SI Appendix*, Fig. S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907566116/-/DCSupplemental)). These and other residues projecting from the distal side of the kinase domain that are not conserved among the TEC family suggest that the SH2-kinase linker- mediated autoinhibition may also rely on sequence features unique to BTK ([@r32]). Furthermore, the model for PHTH-mediated BTK regulation on the activation loop face of the kinase domain resembles a shared mechanism of autoinhibition across distinct kinase families. Three kinases outside of the TEC family---protein kinase C, protein kinase B (or AKT), and focal adhesion kinase (or PTK2)---contain regulatory subunits---C2, PH, and FERM domains, respectively---that dock onto their kinase domains in an autoinhibitory configuration that masks the activation loop face ([*SI Appendix*, Fig. S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907566116/-/DCSupplemental)) ([@r33][@r34]--[@r35]). The regulatory domains in these kinases differ dramatically in size and sequence and, as we have shown for BTK, specialized regulatory surfaces on the activation loop face of numerous catalytic kinase domains have likely evolved in distinct contexts. In addition, the BTK-specific residues identified by pattern-based classification may play important roles in substrate recognition, given their location surrounding the G helix ([@r36][@r37]--[@r38]).

Solution NMR studies have previously demonstrated the malleability of the SRC module in response to inhibitor binding to the SRC active site ([@r39]). Similarly, the data presented here suggest that PHTH binding to the BTK kinase domain triggers allosteric changes within the kinase domain. Specifically, NMR evidence suggests that PHTH binding triggers structural and/or dynamic changes in the catalytic core of the kinase domain and in the ATP-binding pocket. It is also interesting to note that N-lobe residues that exhibit NMR spectral changes surround the previously identified "hydrophobic stack" present in the SRC module ([@r40], [@r41]). In BTK, the hydrophobic stack consists of L390 in the SH2-linker, which is sandwiched between W421 and Y461 in the kinase N-lobe ([Fig. 3*D*](#fig03){ref-type="fig"}). The stack is adjacent to W395, a key regulatory residue in the SH2-linker region ([@r22], [@r42], [@r43]). For the TEC kinase ITK, it has been previously shown that the L351A mutation (L390 in BTK) leads to release of the autoinhibitory SH3/linker-kinase interaction and increases the preference of the kinase domain for ATP over ADP ([@r17]). Thus, the NMR finding that the association of PHTH with the BTK kinase domain causes structural/dynamical perturbations around the hydrophobic stack suggests the possibility that the PHTH domain controls a key set of regulatory interactions among the C-lobe activation loop face, the active site, and the distal face of the kinase N-lobe.

Molecular details of the regulatory mechanisms are important as we strive to identify allosteric means to alter kinase function. The PHTH domain provides a unique means to target this hematopoietic TEC kinase family. Stabilizing the PHTH/kinase interaction is an appealing approach to allosterically inhibiting BTK function. Based on our data pointing to PHTH-dependent rearrangements within the active site of the kinase domain, a small molecule that stabilizes the PHTH/kinase interaction could enhance the efficacy of certain active site inhibitors. This strategy has the added benefit of PHTH autoinhibition simultaneously masking several critical features for activation: The PIP~3~-binding site, the PHTH dimerization interface, and the substrate-docking G helix. Like AKT ([@r34]), a small molecule that stabilizes the PHTH/kinase domains into the autoinhibited conformation may ultimately aid crystallization of a full-length TEC kinase, ending the long period between identification of the TEC gene family and a crystal clear view of the regulatory apparatus controlling TEC function in hematopoietic signaling.

Materials and Methods {#s6}
=====================

All protein constructs and expression and purification methods used in this study, including uniform and selective ^15^N‐labeled proteins, have been described previously ([@r8], [@r44]). Procedures for HDX-MS have been described in detail previously ([@r8]) and in [Dataset S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907566116/-/DCSupplemental). NMR peak intensities were measured with SPARKY ([@r45]), and NMRviewJ ([@r46]) was used for all other data analysis. The intensity ratios were determined following the approach described in ref. [@r47] and as described in [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907566116/-/DCSupplemental). For sequence alignment, tyrosine kinase sequences were extracted from the National Center for Biotechnology Information's nonredundant sequence database (downloaded September 25, 2018) and aligned using curated sequence profiles and the Multiply-Aligned Profiles for Global Alignment of Protein Sequences (MAPGAPS) software suite ([@r48][@r49]--[@r50]). Sequences that did not span from at least the β3-lysine to the DFG-aspartate were deemed fragmentary and removed. A set of 13,639 representative diverse tyrosine kinase sequences (purged at 98% sequence identity) was used as input for the optimal multiple-category Bayesian Partitioning with Pattern Selection algorithm (omcBPPS) ([@r51], [@r52]), using a cluster size cutoff of 50 sequences to identify the major sequence families. Identification of motifs defining the Src module and BTK sequences ([@r53]) are described in [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907566116/-/DCSupplemental).
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